. This led to the conclusion that latencies as short as 20 ms and bump halfwidths of ‫02ف‬ ms. These kinetics are about 100 times faster than in levels of G protein do not actively contribute to the gain of the single photon response and that the G protein toad rods recorded at similar temperatures (Baylor et al., 1979) , about 10 times faster than mammalian rods must act as a "molecular switch," triggering bump generation (Scott et al., 1995) . recorded at 37ЊC (Baylor et al., 1984) , and in general, fly photoreceptors are considered to have the fastest
In the present study, we were led to question this view by the observation of spontaneous events in the dark known G protein-coupled signaling cascades (reviewed by ). The events leading to quanin WT flies. Although our data suggested they were due tum bump generation in Drosophila have been inferred to spontaneous activation of G proteins, they were much from a variety of physiological, biochemical, and genetic smaller than quantum bumps, seemingly inconsistent evidence (reviewed by ; Minke with single G proteins triggering full-sized bumps. We and Montell, 1999) . Photoisomerized rhotherefore systematically reinvestigated quantum bumps dopsin activates a heterotrimeric G protein (Gq class) in both Gaq and norpA hypomorphs and found that, releasing the ␣ subunit, which in turn activates phosphocontrary to previous reports, bump amplitudes were lipase C (PLC␤4 isoform) encoded by the norpA gene much reduced, suggesting that there is substantial am-(Bloomquist et al., 1988). By a still unknown mechanism, plification upstream of PLC. We resolved the discrepactivation of PLC leads to the opening of at least two ancy with earlier studies by showing that bump ampliclasses of Ca 2ϩ permeable channels, TRP and TRPL tude in both Gaq and norpA mutants could be increased (Hardie and Minke, 1992; Niemeyer et al., 1996; Reuss to near WT levels by omitting ATP from the whole-cell et al., 1997). These are the prototypical members of recording pipette. Finally, we identified DAG kinase as the critical ATP-dependent factor, strongly supporting the proposal that DAG (or its downstream metabolites)
Quantum Bumps in Gaq 1 Mutants It was previously reported that quantum bump amplitude and kinetics in Gaq 1 were indistinguishable from WT, leading to the conclusion that activation of a single G protein is sufficient to generate a full-sized bump and that levels of Gq do not actively contribute to the gain of the single photon response (Scott et al., 1995) . Since this appears to be inconsistent with our interpretation of the much smaller "dark events" reflecting spontaneous activation of G proteins, we reinvestigated light responses in Gaq ms cf. 20 ms in WT), and the integral current, probably the most informative measure of relative amplification, was reduced ‫-5ف‬ to 6-fold ‫05ف(‬ pA.ms cf. 250-300 is the excitatory messenger responsible for channel actipA.ms in WT) (Figures 2 and 3 ). All these values are vation.
indistinguishable from the properties of the spontaneous dark events in WT flies ( Figure 3E ). However, the Results bump amplitude distributions of the light-induced bumps in G␣q 1 showed a long skewed tail with indicaSpontaneous Dark Noise tions of multiple peaks at ‫,2ف‬ 4, and 6 pA, while the As previously described, quantum bumps recorded by spontaneous dark events had a more symmetrical distriwhole-cell voltage clamp in wild-type (WT) Drosophila bution with a single peak around 2 pA ( Figure 2E by a flash eliciting on average m events is predicted by In addition, in several cases we determined the statisthe Poisson distribution tics of quantum bump occurrence in response to repeated flashes producing on average only one quantum P n ϭ e Ϫm ϫ m n /n! (1) bump. If these are generated by single photons, albeit with greatly reduced Q.E., their occurrence should conwhere P n is the probability of generating n bumps. As shown in Figure 2 , the occurrence of failures (no bumps), not only do G␣q 1 mutants have reduced levels of G protein, but the residual protein is also defective, lacking single, double, and treble bumps closely followed the predicted distribution, consistent with their generation 3 amino acids (residues 154-156) (Scott et al., 1995) . Although these do not reside in domains believed to by single photon absorptions.
interact with receptor (rhodopsin) or effector (PLC), we wondered whether the reduced bump amplitudes might Reduced G Protein Levels in Flies Expressing Wild-Type Gq ␣ be a consequence of defective protein rather than lower protein levels. We used two approaches to exclude this The striking reduction in bump amplitude in Gaq 1 supports our interpretation that the dark events represent possibility. First, we investigated flies in which Gq ␣ subunit levels spontaneous activation of G proteins but appears to invalidate the conclusion that levels of G protein do not had been reduced by RNA interference (RNAi), using a double-stranded RNA construct under control of a retcontribute to amplification (Scott et al., 1995 , although the residual Gq ␣ subunit is now WT (Figure 3) . decays in the dark to reveal first isolated bump-like events and then a quiet baseline. This constitutive curSecond, we investigated a mutant of the G␤ subunit activated normally in these mutants but remain active indefinitely until they finally encounter a rare PLC moleSince levels of G␤ are reported to be normal in G␣q 1 (Scott et al., 1995) we also considered the possibility cule, resulting in a greatly delayed cycle of activation and deactivation. that the reduction in bump amplitude resulted from a mismatch in subunit stoichiometry, e.g., there might be Thus far, these results and interpretation are in close agreement with previous studies; however, once again an inhibitory effect of free G␤␥ subunits, which are presumably present in excess in G␣q 1 and G␣q RNAi flies. we found that quantum bumps in all eight norpA alleles tested were much smaller than those measured in WT The small bumps measured in G␤e 1 already argue against this possibility, but as an additional control, we but similar to those recorded in G␣q 1 (Figure 4) . The "spontaneous" bumps recorded at the end of the generated G␣q 1 ;G␤e 1 double mutants in which ␣ and ␤ subunits should be approximately matched in abundecay period were quantitatively indistinguishable from those induced by calibrated light flashes after a quiet dance. Bump amplitudes were again indistinguishable from G␣q 1 (Figure 3) ; the only difference noted from baseline had been reached. There were small but significant differences between different alleles, with mean G␣q 1 was a further ‫-01ف‬fold reduction in sensitivity, as would be expected if some of the residual Gq ␣ protein bump amplitudes ranging from only ‫5.1ف‬ pA in norpA
P12
(one of the most severe alleles) to ‫7.2ف‬ pA in norpA
C1094S
was inactive due to failure to assemble with G␤␥. We conclude that the reduced quantum bump ampliand norpA
P45
. tude in the various Gq mutant backgrounds can be attributed to the reduced protein levels, strongly sugQuantum Bump Amplitude in norpA and Gaq 1 gesting that activation of multiple G proteins is required Is ATP Dependent for and directly contributes to the gain of phototransducUnder our experimental conditions, there is a consistent tion in Drosophila.
several-fold reduction in bump amplitude in G␣q 1 , G␤e 1 , and eight independent alleles of norpA, strongly suggesting that WT quantum bumps require activation of Quantum Bump Amplitude Is Reduced in norpA Hypomorphs several G protein and PLC molecules. Why then did previous authors report that bump amplitude and kinet-A single Gq ␣ subunit is believed to activate just one effector (PLC) molecule, which remains active as long ics were normal in the same mutants? In the recordings of Zuker and colleagues, the intracellular solution in the as the GTP-bound ␣ subunit remains bound to it. Hence, the most obvious interpretation of the reduced bump electrode contained no nucleotide additives, such as ATP or GTP, which we routinely included in our reamplitude in G␣q mutants is that only one or very few PLC molecules are activated per photon and that, norcordings from these metabolically sensitive cells. In the absence of these additives, we previously found that, mally, several PLC molecules must be activated in order to generate a fully amplified bump. If this is the case, after several minutes of whole-cell recording, the lightsensitive channels open spontaneously, generating a one would predict that bump amplitude should also be reduced in norpA hypomorphs with sufficiently reduced so-called rundown current (RDC), following which sensi- absence of ATP, we generated double mutants of both norpA,rdgA 1 double mutants, allowing analysis using the G␣q 1 and norpA with rdgA. most severe rdgA allele. We generated double mutants using both norpA
P16
, which has normal Q.E., and norpA
P12
, which has a reduced Q.E, generating maximum rdgA;Gaq 1 responses of only ‫5ف‬ pA. As in the respective norpA The most severe DGK allele, rdgA 1 , undergoes massive, single mutants, in both these norpA,rdgA double muearly onset retinal degeneration (Masai et al., 1993) assotants there was a constitutive noisy inward current on ciated with constitutive activation of the light-sensitive establishing the whole-cell configuration, which then TRP channels and a virtual lack of light response (Raghu subsided in typical fashion over 10-15 min to leave sinet al., 2000b). We also failed to detect any response in gle bumps which were greatly enhanced in amplitude rdgA 1 ;G␣q 1 double mutants, therefore, we tested the and showed conspicuous and rather variable deactivaweaker allele, rdgA 3 . As in rdgA 1 , we found that the lighttion defects ( Figure 7A ). Bump amplitudes were now sensitive channels in rdgA 3 were constitutively active in similar to WT (8-10 pA), and because of the deactivation the dark and, although robust light responses could be defect, the current integrals were even larger ‫005ف(‬ recorded, quantum bumps could not be detected (data pA.ms)-more than ten times that seen in the respective not shown). By contrast, in rdgA 3 ;G␣q 1 , there was usually norpA single mutants. no longer significant constitutive activity, allowing Macroscopic sensitivity was tested using flashes conbumps to be clearly resolved. Consistent with identificataining either ‫0004ف‬ or ‫01ف‬ 6 effective photons. As in the tion of DGK as the critical ATP-dependent factor, the single mutant controls, these flashes induced responses bumps were restored to near WT levels in amplitude and also showed a variable defect in termination ( Figure  that lasted , there also appeared to be Since G protein ␣ subunits are believed to remain active an increase in Q.E, which together with the increase in until they encounter PLC, this in turn implies that, with bump integral resulted in a massive ‫-001ف‬fold potentianormal DGK activity, activation of a single PLC molecule tion of the response ( Figure 7E) . Overall, quantum bumps may usually be insufficient to overcome the threshold and macroscopic responses recorded in norpA,rdgA for bump generation. double mutants were similar to those seen in long-term recordings from norpA single mutants without ATP in the pipette (e.g., Figure 7B ), supporting the identification norpA,rdgA Double Mutants of DGK as the ATP-dependent factor responsible for As will be described in detail elsewhere, the rdgA retinal degeneration phenotype was largely rescued in controlling bump amplitude in norpA and Gaq 1 mutants. ;cds were at least as small (1.9 Ϯ 0.2 pA, reducing DGK gene dosage would lead to a reduction n ϭ 3) as in Gaq 1 controls (Figure 8) . Furthermore, Q.E. in equilibrium dark-adapted PIP 2 levels, particularly on was yet further reduced (at least 10-fold), suggesting norpA or Gaq backgrounds where the main pathway for that the reduced PIP 2 levels may have prevented many PIP 2 hydrolysis is severely compromised. In support of activated G proteins from generating sufficient DAG to this, by themselves, rdgA 1 /ϩ heterozygotes had no disreach threshold for bump generation. In addition, we cernible phenotype in bump amplitude, sensitivity, or also recorded quantum bumps in cds mutants on an response kinetics (data not shown). However, if rapid otherwise WT background before and after conditioning metabolism of DAG is critically involved in determining illumination calibrated to partially deplete PIP 2 . In all threshold and bump amplitude in norpA and G␣q 1 , then cases, quantum bump amplitudes were decreased in the modest reduction in DGK achieved by halving gene amplitude (Figure 8 ). dosage might be expected to enhance bump amplitude.
We conclude that the enhancement of sensitivity by In confirmation of this, photoreceptors from both the rdgA mutation cannot be attributed to PIP 2 depletion norpA,rdgA ., 2000b) . The response to light was sequently overlooked in view of the more direct measurements of voltage-clamped quantum bumps in also rescued in rdgA;trp, revealing a deactivation defect, suggesting a role for DGK in response termination, at norpA and Gaq, we now conclude that amplification in Drosophila phototransduction is indeed critically depenleast with respect to TRPL channels. These results would be consistent with a role for DAG in excitation; dent upon activation of multiple G proteins and PLC molecules. Assuming linear summation, the difference however, DGK is also the first enzyme in the PIP 2 recycling pathway, so that PIP 2 levels may also be affected in bump current integral between WT and the most severe Gq and norpA hypomorphs suggests that at least in the rdgA mutant. Furthermore, the remaining TRPL channels were still constitutively active in the rdgA;trp five PLCs need be activated in order to generate a typical WT bump. Since quantum bumps in Drosophila corredouble mutant, and light responses could only be compared to controls in pupae during a very narrow developspond to the simultaneous opening of only about 15 channels at the peak of the bump, amplification at the mental time window. In the present study, we generated rdgA double mulevel of the G protein may in fact represent the major component of amplification in Drosophila. Interestingly, tants with both G␣q Significantly, lowering ATP did not further increase fold) overall increases in sensitivity. Since our evidence indicates that these rdgA phenotypes are not due to bump amplitude in WT photoreceptors, suggesting that the bump-generating machinery is saturated in darkreduced PIP 2 levels, we interpret this as compelling evidence for the role of DAG as messenger of excitation. adapted photoreceptors. This can be understood if quantum bumps represent activation of all available channels DAG levels are dynamically determined by the balance between PLC activity (generating DAG from PIP 2 ) and within the microvillus. The suggestion that the unit of signaling underlying the quantum bump is the microvil-DGK activity (converting DAG to PA). It seems that when only one PLC molecule is activated, DAG is metabolized lus (Hochstrate and Hamdorf, 1990; Howard et al., 1987) is also consistent with the finding that the number of too quickly for threshold levels to be reached, except perhaps in the immediate vicinity of the activated PLC. channels activated during the quantum bump corresponds closely to the number predicted per microvillus However, if DGK is inactivated by the rdgA mutation or by depleting ATP, then DAG can reach threshold more from quantitative Western analysis (Huber et al., 1996) . readily and also diffuse to activate more distant channels so that Q.E. and quantum bump amplitudes apIs DAG the Excitatory Messenger?
proach WT values. (Note that the reduction in Q.E. in The essential role of PLC in Drosophila phototransducGaq 1 was previously attributed to most activated rhotion is well established (Bloomquist et al., 1988) , but dopsins being inactivated before they had a chance to the downstream mechanisms responsible for gating the encounter a rare G protein [Scott and Zuker, 1998 ]; our light-sensitive channels remain controversial. Accumuresults suggest that a major factor in the reduction of lating evidence, including the lack of phenotype in mu-Q.E. is that, despite activating a PLC, most single actitants of the only InsP 3 receptor gene known in 
